We report the nucleotide sequence of the chloroplast psbA gene encoding the 32 kilodalton protein of photosystem II from Chlamydomonas moewusii. Like its land plant homologues, this green algal protein consists of 353 amino acids. The C. moewusii psbA gene is composed of three exons containing 252, 11 and 90 codons and of two group I introns containing 2363 and 1807 nucleotides. Each of the introns features an internal open reading frame (ORF) that potentially encodes a basic protein of more than 300 residues. The primary sequences of the putative intron-encoded proteins are unrelated and none of them shares conserved elements with any of the proteins predicted from the group I intron sequences published so far. The first C. moewusii intron is inserted at the same position as the fourth intron of the psbA gene from Chlamydomonas reinhardtii; the second intron lies at a novel site downstream of this position. On the basis of their RNA secondary structures, the C. moewusii introns 1 and 2 can be assigned to subgroups IA and IB, respectively. However, intron 1 is not typical of subgroup IA introns, its most unusual feature being the location of the ORF in the "loop L5" region. To our knowledge, this is the first time that an ORF is located in this region of the group I intron structure.
INTRODUCTION
The limited mapping and sequencing data that are available for the chloroplast DNAs (cpDNAs) of green algae within the genus Chlamydomonas indicate that these DNAs resemble the mitochondrial genomes of yeast and fungal species in displaying variability in size, gene order and intron composition. Four Chlamydomonas cpDNAs have been physically mapped so far; they originate from the pairs of interfertile species C. reinhardtii/C. smithii (1) (2) (3) and C. eugametoslC. moewusii (4, 5) and their sizes range from 195 to 292 kilobase-pairs (kbp; Cr, 195; Cs, 199; Ce, 243; Cm, 292). Although the chloroplast gene order displayed by each pair of interfertile algae is essentially colinear (2, 3, 5) , extensive sequence rearrangements distinguish the two algal pairs (6) . Each pair features a number of cpDNA restriction site and fragment length differences, some of which are due to the presence or absence of introns belonging to the group I family. Such alterations in intron composition have been reported for the psbA genes of C. reinhardtii and C. smithii and for the rDNA operons of C. eugametos and C. moewusii. Erickson et al. (7) identified four group I introns in the C. reinhardtii psbA gene encoding the 32 kilodalton protein of photosystem II. In their study of the C. smithii psbA gene, Palmer et al. (2) sequenced the region corresponding to the junction between the third and fourth exons in C. reinhardtii and showed that the third intron of 1.1 kbp in size was completely absent. Based on their comparative restriction analysis, these authors also found that the other three introns of the psbA gene are of slightly different sizes in the two interfertile algae. In C. moewusii, the small subunit rRNA gene is interrupted by a single group I intron (8) , whereas the corresponding genes in C. reinhardtii (9) and C. eugametos (8) lack intron sequences. A group I intron resides within the C. reinhardtii large subunit rRNA gene (10) and there is strong evidence supporting that the corresponding C. eugametos and C. moewusii genes carry at least two introns that are distinct from the latter (5) . One of these has been recently shown to consist of an optional group I intron specific to C. eugametos (see ref . 11) . A unique feature of this Chlamydomonas intron is that it transposes into intron-minus copies of the gene during crosses (11) . That property is well documented for the mitochondrial group I intron in the large subunit rRNA gene of Saccharomyces cerevisiae (12) (13) (14) . A protein encoded entirely within the yeast intron mediates the transposition event; it is a sequence-specific endonuclease that makes a double-strand break in the DNA of the minus allele at the site of intron insertion.
Among the aforementioned Chlamydomonas intron sequences, only those in the small subunit rRNA gene of C. moewusii (8) and the large subunit rRNA gene of C. reinhardtii (15) have been published so far. These two introns can fold into the core secondary structure characteristic of group I introns (16, 17) . Interestingly, the C. reinhardtii intron contains a free-standing ORF potentially coding for a basic protein of 163 amino acid residues. Such an internal location of intron-encoded ORFs is not typical of yeast and fungal mitochondrial group I introns. Indeed the majority of mitochondrial intron-encoded ORFs prolong the upstream exons and most of them are the so-called "maturase-like" reading frames which produce basic proteins that usually contain two conserved blocks of 12 amino acids each (17, 18) . The C. reinhardtii intron-encoded reading frame is looped out from the core structure of the intron, with only the 3' end extending into the secondary structure thought to be essential for splicing. The internal ORFs found in three group I introns of the bacteriophage T4 share a similar structural arrangement, which led Shub et al. (19) to propose that their translation might play a regulatory role in splicing. The only conserved element between the putative C. reinhardtii intron-encoded protein and those potentially encoded in other group I introns is one of the dodecapeptides found in "maturase-like" reading frames. Although no sequence data are available for the C. reinhardtii psbA introns, it has been reported that ORFs of 69 and 160 codons in the second and third introns, respectively, are in phase and contiguous with the upstream exons and that the intron 3 reading frame is followed, after a frameshift, by a second ORF of 298 codons (20) .
In the present study, we report that the psbA gene of C. moewusii is interrupted by two group I introns each containing an internal ORF that potentially codes for a basic protein of more than 300 amino acids. The two introns lie at one of the boundaries of a 21 kbp DNA segment that was previously found to be lacking from C. eugametos (21) . The position of the first intron coincides with that of the fourth intron of the C. reinhardtii psbA gene, while the second intron resides at a novel insertion site downstream of this position.
MATERIALS AND METHODS

DNA seouencinp
The recombinant plasmid carrying the 6.7 kb EcoRl fragment 8 of C. moewusii cpDNA was isolated from a shot-gun library and has been described previously (4, 21) . Defined restriction fragments recovered from low-melting agarose gels or mixtures of subfragments resulting from digestions of the 5.4 kb EcoRl-Smal fragment with Dral, HaeUl, HindHl, Sau3A and Taql were cloned into the vectors M13mpl8/19 using JM101 as a host. Sequential-deletion subclones were generated by T4 polymerase 3'-5' exonuclease digestion of single-stranded templates linearized at oligomer-generated restriction sites (22) using the system "Cyclone" developed by International Biotechnologies, Inc. DNA sequences were determined by the dideoxy chain termination method (23) using a-35 S-dATP. Sequencing reactions were initiated with the universal Ml3 primer or with the following oligonucleotide primers: #1, 5'-ACGTTCAAGAATTGCTGTCAT-3'; #3, 5'-TAGACGGTGCTTCGAAAGCAGCAAGGTCT-3'; #6, 5'-GGACTCAACCATTAGTCTC-3' and #7, 5'-CTGGCTTCGGAGGTACA-3'. In order to eliminate ambiguities due to band compression, dGTP was occasionally replaced by 7-deaza-dGTP (Boehringer Mannheim) in the sequencing reactions.
Computer analysis Sequencing analysis was performed using the software package of the University of Wisconsin Genetics Computer Group (24) . Oligonucleotide synthesis Primers were synthesized on a Biosearch "Cyclone" DNA synthesizer and purified by preparative electrophoresis in 18% sequencing gels. RNA analysis 5' RNA termini were mapped by primer extension analysis using the oligonucleotide primer #1 which is complementary to the first seven codons of the C. moewusii psbA coding region. A 40-ng amount of 5' end-labeled primer was hybridized to 14 |ig of total cellular RNA from C. moewusii in a 20-|il reaction mixture containing 50 mM Tris-HCl (pH 8.3) and 100 mM KC1. The annealing mixture was heated at 65° C for 10 min and then allowed to cool slowly to 30°C
. Primer extension reactions were carried out at 42° C for 45 min in a total volume of 50 \i\ containing 50 mM Tris-HCl (pH 8.3), 50 mM KC1, 10 mM dithiothreitol, 10 mM MgCh, 0.5 mM each of the four deoxynucleotide triphosphates and 7 U of AMV reverse transcriptase (Life Sciences). Extension products were resolved on DNA sequencing gels along with the Ml3 sequencing reactions of the corresponding template.
RESULTS AND DISCUSSION
Structure of the C. moewusii pshA gene
We have previously located the C. moewusii psbA gene on a 4.5 kbp DNA segment near the central portion of the 42 kbp inverted repeat of this algal chloroplast genome, using genespecific probes from spinach (21) . The finding that this region spans part of a 21 kbp sequence which is lacking from C. eugametos makes it likely that optional introns are present at the C. moewusii psbA locus. As a first step towards testing this hypothesis and investigating the nature of the extra 21 kbp sequence, we have undertaken the sequencing of the C. moewusii psbA gene. Figure 1 shows the deletion subcloning and sequencing strategy employed, the organization of C. moewusii psbA and the location of this gene locus relative to the extra 21 kbp segment and other genes identified within the inverted repeat. The nucleotide sequence of the mRNA-like strand encoding psbA and the deduced ami no acid sequence are shown in Fig. 2 . The gene spans approximately 6 kbp and lies on the same DNA strand as the rRNA genes. It is composed of three exons containing 252, 11 and 90 codons and of two group I introns comprising 2363 and 1807 nucleotides. Intron/exon boundaries were predicted by sequence comparison with non-intron containing psbA genes of land plants (26) (27) (28) (29) (30) and cyanobacteria (31) (32) (33) . Because of the very high level of conservation of the psbA gene among various photosynthetic organisms, this approach presented no ambiguities. As is the rule for group I introns, the 5' splice sites were found to be preceded by a T residue, while a G was found to precede the 3' splice sites (16, 17) . Each of the introns contains a long internal ORF potentially encoding a protein of more than 300 amino acids (intron 1: 345 aa, Mr: 38,560; intron 2: 312 aa, Mr: 35,910). "Maturase-like" reading frames are absent from the two introns; the three possible reading frames prolonging each of the exons contain multiple stop codons. Based on our comparative restriction analysis of the C. moewusii and C. eugametos inverted repeats (21), we conclude that the two introns and the exons 2 and 3 reside within the additional 21 kbp sequence. It is very intriguing that these two exons went undetected in our hybridization with a C. eugametos fragment containing the entire psbA gene. Sequencing of psbA from C. eugametos will be required to explain this ambiguity and determine if one or multiple mutational events gave rise to the so-called 21 kbp deletion/addition difference.
Like its land plant homologues, psbA from C. moewusii encodes a protein of 353 amino acid residues. This gene product, called the "32 kilodalton" thylakoid membrane protein, Dl or QB, is rapidly metabolized and thought to be an integral part of the photosystem II reaction center (34) . A shorter coding region is displayed by the psbA genes of C. reinhardtii (352 codons) (7) and Euglena gracilis (345 codons) (35, 36) genes, while six additional codons are found in those of the cyanobacteria Anabaena (31), Fremyella diplosiphon (32) and Anacystis nidulans (33) . These differences in codon number do not necessarily reflect size differences of the functional gene product as all of the extra or missing codons, with the exception of one codon in E. gracilis, correspond to the C-terminal region which is removed by cleavage during post-translational events (37) . In the region comprising residues 1-345, the C. moewusii protein is 95.6%, 94.5%, 92.7%, 88.7% and 87.0% identical with the corresponding proteins from C. reinhardtii (7), spinach (26) , Marchantia polymorpha (30) , E. gracilis (35, 36) and Anabaena (31) . As expected, most of the differences at the nucleotide sequence level are found at the third position of codons, resulting in no amino acid change. Although a total of 44 different codons are used by the C. moewusii psbA gene, as compared to 36 for the C. reinhardtii analogue, codon usage is very similar for these two algal chloroplast genes. This greater limitation of codon usage in C. reinhardtii was also noted in the comparison of the rbcL genes encoding the large subunit of ribulose-l,5-bisphosphate carboxylase/oxygenase (38) . As reported for the C. reinhardtii psbA and psbD genes (7), C. moewusii psbA shows a strong bias against G in the third position. Codons ending in G account for only 10% of the 353 codons, while codons ending in C, A and T each represent between 25 and 37% of the total.
Flanking regions
Both the 5' and 3' flanking regions of the C. moewusii psbA gene feature direct repeats of 14 nucleotides or more and short sequences capable of forming stem and loop structures (Fig. 2) . Some of these sequence elements are shared between one or the two flanking regions and the first intron. The inverted repeat sequences designated "c" in Fig. 2 seem to be dispersed throughout the C. moewusii chloroplast genome; they were also identified in the flanking regions and the group I intron of the small subunit rRNA gene (8) .
The region preceding the first exon of C. moewusii psbA is organized similarly to the corresponding region in C. reinhardtii. A putative ribosome binding site (GGAG) and two potential transcription initiation sites each displaying sequences characteristic of the -10 and -35 regions of prokaryotic promoters are preceded by two direct repeats of 41 bases with three mistmaches and (7), E. gracilis (35, 36) , Anabaena (31), Marchantia potymorpha (30) and spinach (26); filled areas denote 100% sequence identity.
by sequences capable of forming stem and loop structures. Erickson et al. (7) have proposed a secondary structure model involving four stem-loop structures for this region of the C. reinhardtii psbA gene, the transcription initiation sites being located in the stems of distinct structures and the corresponding -10 regions in a loop or a partly base-paired region. Although the 5' flanking region of C. moewusii psbA can fold in a similar fashion, the stem-loop structures containing the potential transcription initiation sites are less stable than those proposed for C. reinhardtii.
None of the stem-loop structures in the 3' flanking region corresponds to the 3' terminus of psbA mRNA. The size of the major steady state RNA observed by Northern analysis is 1.65 kb (25) , which is about 200 nucleotides larger than the C. reinhardtii (39) and land plant (see ref.
5) psbA mRNAs. Based on the position of the major 5' terminus as determined by primer extension analysis, we predict that the 3 1 terminus lies approximately 520 nucleotides from the TAA stop codon; i.e. about 200 nucleotides downstream of the region sequenced. In C. reinhardtii, the 3' terminus of psbA transcripts is located only 42 bases from the stop codon (7). Properties of the introns and their ORFs Figure 3 compares the insertion positions of introns in the psbA genes of C. moewusii, C. reinhardtii and E. gracilis. The first C. moewusii intron is inserted at the same position as the fourth intron of C. reinhardtii (7) , whereas the second intron resides at a novel insertion site downstream of this position. The four introns found in Euglena are unrelated to the Chlamydomonas introns; they belong to group II (40) , are of a small size (434-617 bp) and lie at distinct positions (35, 36) . It is interesting to note that, with respect to the 32 kilodalton protein, all of the psbA introns are located outside transmembrane domains (see Fig. 3 ).
The C. moewusii psbA introns can fold into RNA secondary structures that are typical of group I introns (Fig. 4) . They exhibit the somewhat conserved sequence elements P, Q, R and S that allow the formation of the characteristic group I core structure, with the central base-paired regions P4, P6 and P7 (16, 17, 41) . In the first intron, R is immediately followed by P3, whereas an extra stem-loop separates these two regions in the second intron. Based on the presence or absence of this stem-loop, intron 1 can be assigned to subgroup IA and intron 2 to subgroup IB (17) . hi the two introns, the U residue preceding the 5' splice site is potentially base-paired with a G in the stem-loop structure PI and an internal guide sequence (16) containing the latter G residue can pair with the upstream exon, thus aligning the 5' and 3' splice sites. As expected, the internal ORFs are looped out from the intron core structures. Two sequences of 158 and 557 nucleotides in intron 1 are also excluded from the intron core structure; they display a number of inverted and direct repeats of small sizes, some of which are related to those found in the 5' and 3' flanking regions of the gene.
Although the first intron belongs to subgroup IA, it lacks some of the common features of this subgroup (reviewed in ref. 42) . As in the IA introns in the large subunit rRNA gene of C. reinhardtii (15) and the cob gene of 5. cerevisiae (S.c. cob3; ref. 43) , the bulge nucleotide in P7 is an A instead of a C and the one base-pair extension of P7 is a G-C pair instead of a A-U pair. A most unusual feature of C. moewusii psbA intron 1 is that the P and Q elements are separated by more than 1000 nucleotides, most of which reside in the loop subtended by P5 and are acccounted for by the presence of an ORF. To our knowledge, this is the first time that an ORF is described in this region of the intron structure, designated "loop L5" region (41) . In all IA introns examined thus far, except S.c. cob3, less than 50 nucleotides lie between P and Q and form a single helix (P5) of variable length, enclosed with a loop of variable size. A greater distance (59-295 nucleotides) usually separates P and Q in IB introns. In C. moewusii psbA intron 2, this region encompasses 125 nucleotides and, as in the other IB introns and the exceptional IA intron S.c. cob3, it features at a fixed distance from the P-Q pairing an adenine-rich bulge flanked by base-paired regions (44) . This conserved structure which has been proposed to be biologically important is absent from C. moewusii psbA intron 1, implying that such function may be dispensable for at least one intron with a long L5 region.
The ORF encoded by C. moewusii psbA intron 2 is also not typical of group I introns containing internal ORFs with regard to its position (loop L9.2) within the secondary structure model. Most ORFs in mitochondrial introns have been located in loop L8. The localization of the C. moewusii intron reading frame in L9.2, however, is not without precedent as the ORFs in four fungal mitochondrial introns (45) (46) (47) (48) and a T4 intron (19) share a similar position.
The two C. moewusii intron ORFs potentially code for basic proteins that resemble those encoded by other group I introns with respect to composition of amino acid residues (see Table 1 in ref. 49) . Their primary sequences are unrelated and an exhaustive computer analysis failed to disclose significant blocks of conserved amino acids with any of the group I intron-encoded proteins. If the putative C. moewusii intron-encoded proteins are functional in vivo, their levels are predicted to be very low. As indicated in Table 1 , codon usage in the two C. moewusii ORFs differs substantially from that observed in the coding sequences of three chloroplast genes from this alga (rbcL, psbA and petD). Seven of the nine codons that were found to be missing from these Figure 4 . Secondary structure models of the two group I introns in the C. moewusii psbA gene. Splice sites are denoted by arrows between the exon (lowercase) and intron (uppercase) nucleotides. Thepairings P1-P9 and the sequence elements P, Q, R, S, J, K, L, M ( (P), (p), etc.) involved in these pairings are indicated. The nomenclature and intron displays are according to recently proposed structural conventions (41, 44) . Dots denote the AUG initiation and UAA stop codons in each intron ORF. To the right of each secondary structure model is shown the P10 pairing involving intron nucleotides from the internal guide sequence (boxed) and exon nucleotides at the 3' splice site. genes are present in one or the other intron ORF; most of them end with G or C. Moreover, some rare codons in the three chloroplast genes (AGA, UGC, UGU) are predicted to be used frequently in the two intron ORFs. Although the situation is different for the T4 intron ORFs, similar observations have been reported for the reading frames of mitochondrial group I introns (50) and the C. reinhardtii chloroplast rRNA intron (15) . The internal reading frames of the C. moewusii psbA introns also differ from their counterparts in the T4 introns (19) in lacking sequences resembling prokaryotic promoter elements near the ATG initiation codons. Finally, a potential ribosome binding site was identified only in front of the C. moewusii intron I ORF (see Fig. 2 ).
